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ABSTRACT 

Occidental F lash  P y r o l y s i s  employs recyc led  heated char  as heat 
When n i t r o g e n  was used, as c a r r i e r  t o  supply  the  heat  o f  p y r o l y s i s .  

t r a n s p o r t  gas, t a r  y i e l d  decreased due t o  char-cata lyzed t a r  c rack ing  
reac t i ons .  When low sur face area heat c a r r i e r  was used, t a r  c rack ing  
r e a c t i o n s  was prevented and the  t a r  y i e l d  was r a i s e d  back t o  t h e  expected 
l e v e l .  

The t a r  was l i g h t e r  w i t h  lower average molecular  weight .  The 
improvement o f  t a r  y i e l d  and q u a l i t y  was a t t r i b u t e d  t o  t h e  s t a b i l i z a t i o n  
o f  r e a c t i v e  coal fragments by nascent hydrogen produced by char  g a s i f i c a t i o n  
(by  CO2 and steam) and water-gas s h i f t  reac t i ons .  

INTRODUCTION 

Flash P y r o l y s i s  o f  coa l  employs ve ry  r a p i d  hea t ing  t o  d e v o l a t i z e  
p u l v e r i z e d  coal  i n  the absence o f  a i r  t o  p a r t i t i o n  t h e  coa l  i n t o  hydrogen- 
r i c h  t a r  and carbon-r ich char  res idue.  It has been s tud ied  i n  both ba tch  
and continuous reac to rs .  (1 -5)  

Occidental Research Corporat ion (ORC) developed t h i s  concept i n  a 
novel  ent ra ined f l o w  r e a c t o r  i n  which ho t  recyc led  char  prov ides the  heat 
t o  py ro l yze  t h e  c o a l .  The t y p i c a l  t a r  y i e l d s  are aprox imate ly  t w i c e  t h a t  
obta ined from F ischer  Assay t e s t  from t h e  same c o a l .  
d e s c r i p t i o n  o f  ORC process has been prov ided elsewhere.16) 

(PDU), t a r  l o s s  b y  char-cata lyzed t a r  c rack ing  r e a c t i o n s  was uncovered. 
A smal ler  sca le  u n i t ,  1 kg-per-hour bench scale r e a c t o r  (BSR), was used 
t o  s tudy the  e f f e c t s  o f  t ranspor t  gas and heat  c a r r i e r  on t a r  y i e l d .  
React ive gases such as C02 and H20 ins tead  o f  n i t r o g e n  were used t o  
t r a n s p o r t  t h e  char .  Tar l o s s  was prevented when t h e  h igh su r face  area o f  
char  was covered by r e a c t i v e  gases. The t a r  y i e l d  was increased t o  t h e  
same l e v e l  as t h a t  p red ic ted  by t h e  e l e c t r i c a l  hea t ing  cases. When low 
surface area aluminum was used as heat c a r r i e r  t a r  l o s s  was a l so  prevented. 
These r e s u l t s  and h mechanism t o  prevent  t h e  t a r  loss were d iscussed by 
DuraiSwamy e t . a l .  t77 
t h e  t a r  q u a l i t y .  

T e d e t a i l e d  

During t h e  opera t i on  o f  a 3-ton-per-day process development u n i t  

This paper presents  t h e  e f f e c t  o f  c a r r i e r  gas and heat  c a r r i e r  on 
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EXPERIMENTAL 

The experiments f o r  p y r o l y s i s  o f  coa l  were c a r r i e d  ou t  i n  a 1 
kg-per-hour bench sca le  r e a c t o r  as shown i n  F igu re  1. Coal was metered 
by a screw feeder  and c a r r i e d  by t r a n s p o r t  gas i n t o  t h e  r e a c t o r .  
was metered by a second screw feeder  and c a r r i e d  b y  n i t r o g e n  o r  des i red  
t r a n s p o r t  gas. 
i t  mixed wi th t h e  c o a l .  
r e a c t i o n  temperature i n  a few m i l l i seconds .  

char. 
gases were cooled t o  c o l l e c t  t he  l i q u i d  products .  The e f f l u e n t  gases 
were analyzed b y  gas chromatographs. The condensed l i q u i d  product  i s  
d isso lved i n  acetone f o r  easy removal f rom t h e  c o l l e c t i o n  vessels. A f t e r  . 
evaporat ion o f  t h e  acetone under vacuum, t a r  and water are separated b y  
d i s t i l l a t i o n .  

Each o f  t h e  f r a c t i o n s ,  namely acetone, water and t a r ,  are analyzed 
separa te l y  t o  determine water, l i g h t  o i l  and t a r  ( l lO 'C+) .  Tar i n  
condensed water, t a r  l e f t  i n  char, i f  any, as determined by p y r i d i n e  
s o l u b i l i t y  and t a r  adsorbed i n  t h e  a c t i v a t e d  charcoal, as determined b y  
F icsher  Assay a r e  a l l  i nc luded  i n  t h e  t o t a l  t a r  y i e l d .  

was o n l y  c a r r i e d  o u t  on t h e  l lO"C+ f r a c t i o n  m a t e r i a l  which i s  u s u a l l y  
over 90% o f  t h e  " t a r " .  

Char 

The char  was preheated t o  t h e  des i red  temperature be fo re  
Coal p a r t i c l e s  were brought  t o  t h e  p y r o l y s i s  

Coal d i sp ropor t i oned  i n t o  hydrogen-r ich v o l a t i l e s  and ca rbon- r i ch  
The char  was separated i n  a se r ies  o f  cyc lones and t h e  vapors and 

For  t h e  purpose o f  t h i s  study, t h e  c h a r a c t e r i z a t i o n  o f  t a r  p r o p e r t i e s  

The analyses o f  c o a l  and char  are g i ven  i n  Table 1. The molecular  
weight d i s t r i b u t i o n  p r o f i l e s  were determined by us ing  ge l  permeation 
chromatography performed on t a r  samples us ing  a Waters 244 ALC/GPC L i q u i d  
Chromatograph equipped w i t h  a r e f r a c t i v e  index de tec to r .  The columns 
employed were Waters s tyragel -co lumns 30 cm x 7.8 mm I O  c o n s i s t i n g  o f  
l - l O O O A ,  1-500A and 3-100A pore s i z e  packings. Tetrahydrofuran, THF from 
Burdick and Jackson, was used as t h e  so l ven t  a t  a pressure o f  1000 ps ig .  
C a l i b r a t i o n  o f  t h e  i ns t rumen t  used t h e  po lys ty rene  standards rang ing  i n  
molecular  weight  from 100 t o  33,000 AMU. Therefore, t h e  molecular  weight 
l a b e l i n g  o f  GPC chromatograms was f o r  re fe rence  and comparison purpose. 

i n  THF t o  5 m l  THF and f i l t e r i n g  through a 0.65 micron f i l t e r  sample 
s izes were 1 2 5 p 1 .  

The t a r  was subjected t o  a so l ven t  f r a c t i o n a t i o n  procedure t o  y i e l d  
o i l s ,  asphal tenes and preasphaltenes. The s o l u b i l i t y  c lasses  were 
defined as: o i l s  (hexane so lub le ) ,  asphaltenes (hexane inso lub le / to luene  
so lub le )  and preasphal tenes ( to luene  i n s o l u b l e l p y r i d i n e  so lub le ) .  
Separation was ob ta ined  accord ing t o  t h e  procedure descr ibed i n  Ref. 
(6). 

GPC samples were prepared b y  adding 8 drops o f  15% s o l u t i o n  o f  t a r  
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RESULTS AND DISCUSSIONS 

I > 

For t h e  purpose o f  t h i s  study, t h e  i n i t i a l  p y r o l y s i s  experiments 
were performed us ing  subbituminous coal ,  n i t r o g e n  c a r r i e r  gas and e l e c t r i c a l  
heat ing;  i .e . ,  no preheated char  was used. 
1000'F t o  1400°F was c a r r i e d  out .  
these runs are g iven i n  Table 2. 

E f f e c t  o f  Residence Time 

A s e r i e s  of runs ranging from 
The y i e l d s  and p r o p e r t i e s  o f  t a r  f o r  

Tar produced a t  t h e  longer  residence t ime  conta ined a h ighe r  
p ropor t i on  o f  o i l ,  and was a l so  cha rac te r i zed  by a lower s p e c i f i c  g r a v i t y ,  
lower v i s c o s i t y  and lower s u l f u r  content  than t h a t  produced a t  t he  lower 
res idence t ime.  These improved t a r  p r o p e r t i e s  were a t t r i b u t e d  t o  t h e  
a d d i t i o n a l  c rack ing  t h a t  occurs a t  t h e  l onger  res idence time. 

t ime  i s  prov ided by GPC chromatograms, F igu re  2. They show t h a t  a t  
longer  residence t imes, t h e  concen t ra t i ons  o f  h igh  molecular  weight 
spec ies decreased w h i l e  t h e  concen t ra t i ons  o f  lower  molecular  spec ies 
increased . 

The evidence o f  t he  a d d i t i o n a l  t a r  c rack ing  due t o  longer res idence 

The o i l  content  o f  t a r  was r e l a t i v e l y  independent o f  t he  p y r o l y s i s  
temperature bu t  was a f fec ted  by t h e  res idence t ime as shown i n  F i g u r e  
3. 
t h e  residence t ime increased from 1.5 t o  3 seconds w i t h  a corresponding 
decrease i n  the  preasphaltenes content .  The da ta  suggested t h a t  asphaltenes 
and preasphaltenes underwent c rack ing  a t  longer  residence t imes and thus  
t h e  p ropor t i on  o f  o i l  increased. These r e s u l t s  i n d i c a t e  t h a t  chemical 
t ransformat ions o f  t h e  t a r  which occurred d u r i n g  t h e  process enhanced i t s  
p r o p e r t i e s  w i thou t  s u f f e r i n g  s i g n i f i c a n t  l o s s  i n  y i e l d s .  
these reac t i ons  apparen t l y  occurred over  a p r a c t i c a l  and c o n t r o l l a b l e  
range o f  residence t imes. 

E f f e c t  o f  Heat C a r r i e r :  Char and Alumina 

The o i l  content  increased f rom an average va lue  o f  43% t o  54% when 

More impor tan t l y ,  

When preheated char  was used as heat c a r r i e r ,  t h e  t a r  y i e l d s  
decreased as t h e  r a t i o  o f  char- to-coal  increased, as shown i n  F igu re  4. 
Th is  e f f e c t  has been a t t r i b u t e  o the  char-cata lyzed t a r  c rack ing  
r e a c t i o n  by OuraiSwamy e t .  Due t o  t h e  secondary c rack ing  
reac t i ons ,  t h e  t a r  i s  l i g h t e r  compared t o  t h e  t a r  produced i n  the  
e l e c t r i c a l  hea t ing  mode as shown i n  Table 3. 
to-carbon r a t i o  and o i l  con ten t  were i n d i c a t i o n s  o f  t a r  crack ing.  

c a r r i e r ,  t he  t a r  y i e l d  was h ighe r  than t h e  case which used char  as heat 
c a r r i e r .  The t a r  i s  l i g h t e s t  among t h e  t h r e e  as shown i n  GPC o f  F i g u r e  
5. The t a r  l o s s  r e a c t i o n  by char-cata lyzed c rack ing  was prevented when 
alumina was used as heat c a r r i e r .  However, a d i f f e r e n t  c a t a l y t i c  r e a c t i o n  
might  have taken p lace  on t h e  sur face o f  alumina t o  improve t h e  t a r  
q u a l i t y ,  as shown by t h e  GPC. 

The h ighe r  atomic hydrogen- 

When t h e  low su r face  area (0.23 m2/g) alumina was used as hea t  
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GPC of tar  from the  alumina r u n  showed s igni f icant  reduction of 
heavy species. 
t a r  could not lay  down on the surface of h e a t  ca r r i e r  polymerization or 
condensation t o  form heavy tar was prevented. 
and qua l i ty  can be summerized in the following: 

This could be a t t r ibu ted  t o  a second poss ib l i ty  tha t  the 

The effect  on t a r  y ie ld  

Tar Yield: Electrical  > Alumina > Char 

Tar Qual i ty :  Alumina > Char > Electrical  

Petroleum f lu id  coke was used in PDU t e s t s  instead of alumina and 
i t  was f o u n d  t o  be i n  between alumina and char f o r  i m p r o v i n g  the  t a r  
y i e ld  and qua l i ty .  

Effect of Reactive Carrier Gases 

When d i f f e ren t  kinds of ca r r i e r  gases such as CO, CO2 and steam 
were used, the t a r  produced were l igh ter .  The properties are summerized 
in Table 4 .  
phase osmometric analysis and GPC p rof i les  of Figure 6. The high polymeric 
species such as asphaltenes and preasphaltenes also decreased. 

improvement of t a r  y ie ld  and qua l i ty  were due t o  the  adsorption of 
reac t ive  gases on the  char. 
t a r  vapor wi l l  not get adsorbed and get cracked on the surface of char t o  
form coke and gaes. Additionally by CO2 and steam char gas i f ica t ion  
takes place producing CO and [HI. 

T h e  molecular weights of ta rs  were reduced as  shown by vapor 

The t a r  y i e lds  were as high as the e l ec t r i ca l  heating case.  The 

When the  surface area of char i s  occupied, 

CO2 + C (char)- (CO)* + CO (1) 
H20 + C (char)-----. (CO)*  + 2 [HI ( 2 )  

Where ( C O ) *  i s  surface adsorbed carbon oxides. 
formed on the  surface of  char by water-gas-shift reaction. 

Nascent hydrogen can be 

(CO)* + H20- CO2 + 2 [HI 

When the primary pyrolysis fragments ( f ree  rad ica ls )  are formed, 
they are seeking fo r  s tab i l iza t ion  by e i the r  reacting with the nascent 
hydrogen in the gas  phase or on the char surface or recombining (polymerizing) 
s t ab i l i za t ion  of reactive fragments by nascent hydrogen prevents poly- 
merization reaction t o  form heavy molecular weight species and coke. 

CONCLUSION 

Both c a r r i e r  gas and heat ca r r i e r  were found t o  a f fec t  the t a r  
y ie ld  and t a r  qua l i t y  in the Flash Pyrolysis of coa l .  
high surface a rea  provided adsorption s i t e s  fo r  t a r  vapor. Tar e i the r  
polymerized or cracked on the char t o  form gases and coke thus lowering 
the  t a r  y ie ld .  When low surface area heat ca r r i e r  were used, t a r  loss 
was reduced s igni f icant ly .  
occupied by reac t ive  gases such as C02 and t a r  loss was prevented, and 
the t a r  qua l i t y  was also improved. This improvement was a t t r ibu ted  t o  
the  s t ab i l i za t ion  of pyrolysis f r e e  rad ia l s  by the  nascent hydrogen 
produced from carbon gas i f ica t ion  between char and reac t ive  gases. 

Preheated char of 

When the active s i t e s  of preheated char were 
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T A S E L  
ANALYSES OF FEED COAL AND CHAR 

Feed Coal Feed Char Product Char 

Proximate Analysis, W t . %  

Mois ture 11.59 1.18 0.7 

Ash 5.00 11.40 10.00 

V o l a t i l e  M a t t e r  37.01 7.02 7.88 

F i xed  Carbon 46.40 80.40 81.42 

U l t ima te  Ana lys i s  (Dry), W t . %  

Carbon 69.12 82.27 82.63 

Hydrogen 4.95 1.87 2.13 

Oxygen 18.32 2.52 3.29 

N i t rogen  1.29 1.14 1.11 

S u l f u r  0.66 0.66 0.57 

Ash 5.66 11.54 10.27 

F ischer  Assay, W t . %  

Char 

Water 

Tar  

Gas 

60.4 

21.4 

9.3 

8.9 

/ I  

I 
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TABLE 3 
COMPARISON OF TAR PROPERTIES 

EFFECT OF CHAR HEAT CARRIER 

Run No. 

C a r r i e r  Gas 

Preheater  Temp O F  

P y r o l y s i s  Temp. "F 

Residence Time, Sec. 

Char/Coal R a t i o  

Tar Y i e l d  (wt.%)MAF 

Sp. G r a v i t y ,  6O/6O0F 

g/cc 

U l t i m a t e  Ana lys i s  % W t .  

C 

H 

N 

S 

0 

Atomic H/C 

VPO MW 

Sol u b i  1 i ty  C1 ass i f  i c a t  i on, W t  .% 
Pre-asphal tenes 

Asphal tenes 

O i  1 

175139141 

N2 N.2 N2 

---- 1200 1200 

1200 1255 1255 

2.0 1.2 1.5 

0 3.3 5 
( e l e c t r i c )  (Alumina) 

18.0 9.7 14.1 

1.218 

81.47 

6.32 

1.14 

0.55 

10.52 

0.93 

28 5 

25.6 

33.0 

41.4 

1.191 - 

80.00 76.81 

6.68 6.75 

1.48 1.12 

0.43 0.38 

11.40 14.94 

1.00 1.05 

-- -- 
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TABLE 4 
PROPERTIES OF TARS U-ACTIVE CARRIER GASES 

BSR Run 

Temperatures, O F  

char p reheater  

Reactor 

Char/Coal R a t i o  

C a r r i e r  Gas 

Residence Time, sec 

Tar Y ie ld ,  XMAF coal  

U l t i m a t e  Ana lys is ,  % W t  

C 
H 
N 
S 
0 (by d i f f )  
Ash 

Atomic H/C 

Sp. Grav i ty ,  6O/GO0F 

g/cc 
O A P  I 

VPO MW 

S o l u b i l i t y  C l a s s i -  
f i c a t i o n ,  W t %  

Preasphal tenes 
Asphal tenes 
O i l  (by d i f f )  

176 

1500 

1191 

3 

Steain (5oX) 
CO (50%) 

1.9 

15.2 

80.78 
6.25 
1.47 
0.66 

10.77 
0.07 
0.928 

1.195 
-13.1 

27 5 

177 

1500 

1200 

3 

Steam (10%) 

1.94 

c02 (90%) 

19.2 

81.22 
6.48 
1.43 
0.56 

10.31 - 
0.957 

1.183 
-11.9 

254 

16.9 16.3 
28.6 28.4 
54.5 55.3 

178 

1500 

1200 

3.3 

co2 

2.0 

18.3 

80.15 
6.34 
1.58 
0.61 
1.39 

0.949 

1.183 
1.9 

24 5 

17.4 
27.2 
55.4 

119 



COAL m o o  1 

FIGUR!3 1 FLOW DIAGRAM OF 1 Kg-FER HOUR BENCH 
SCALE REACTOR 

FIGURE 2 GEL PEMEATION CHROMATOGRAMS OF SUBBITUXINOUS -~ 
COAL TARS PRODUCED AT 1200'F.  
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RESIDENCE TIME 
1.5 (SECONDS1 3.0 

I 

YIELDS. RELATIVELY TEMPERATURE INDEPENDENT. 
WERE AVERAGE0 FROM RUNS AT 1000-1200-I4OO.F 

FIGURE 3 SOLUBILITY CLASSIFICATION OF 
SUBBITUMINOUS COAL TARS 3 .S  A 
FUNCTION OF RESIDENCE TI$!. 

t 
FIGURE 4 EFFECT OF RECYCLED CHAR ON 

TAR YIELD .,., 
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F I G U R E  5 EFFECT O F  S O L I D  HEAT CARRIER ON THE 
MOLECULAR S I Z E  DISTRIBUTIOrJ  O F  TARS. 

FIGURE 6 EFFECT OF CARRIER GASES ON THE 
MOLECULAR S I Z E  D I S T R I B U T I O N  OF 
TARS. 
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ISOTHERMAL FURNACE STUDIES OF THE KINETICS OF LIGNITE PYROLYSIS 

* 
A. W .  Scaroni ,  P. L .  Walker, Jr. and R. H. Essenhigh 

Fuels  and Combustion Laboratory 
The Pennsylvania S t a t e  Univers i ty ,  Univers i ty  Park, PA 16802 

INTRODUCTION 

In p r a c t i c a l  pu lver ized  c o a l  combustors and g a s i f i e r s ,  p y r o l y s i s  occurs  i n  
conjunct ion  wi th  r a p i d  h e a t i n g  o f  t h e  c o a l ;  h e a t i n g  rates i n  excess of l,OOO°C/s 
be ing  common. One apparent  consequence of r a p i d  h e a t i n g  i s  t h a t  c r u c i a l  r e a c t i o n s  
occur  i n  t h e  f i r s t  few seconds o r  even mi l l i seconds  (1-3). This  i s  p a r t i a l l y  
r e s p o n s i b l e  f o r  the  s t r i n g e n t  requirements  a s s o c i a t e d  w i t h  an a c c e p t a b l e  exper i -  
mental  technique f o r  s tudying  t h e  k i n e t i c s  o f  r a p i d  c o a l  p y r o l y s i s .  
ments i n c l u d e  c o n t r o l l e d  r a p i d  hea t ing ,  i so thermal  r e a c t i o n ,  v a r i a t i o n  of r e a c t i o n  
t i m e  and r a p i d  quenching. In essence,  i t  is e s s e n t i a l  t o  have unambiguous r e a c t i o n  
h i s t o r y .  

The r e q u i r e -  

Two of t h e  techniques c u r r e n t l y  i n  use more o r  less s a t i s f y  t h e  requirements .  
One employs e s s e n t i a l l y  monolayer samples heated on a n  e l e c t r i c a l  g r i d  (l), and t h e  
o ther  u t i l i z e s  a f low of coa l  p a r t i c l e s  i n j e c t e d  i n t o  a preheated gas stream ( 2 , 3 ) .  
The latter technique i s  used i n  t h i s  l a b o r a t o r y .  The k i n e t i c s  of p y r o l y s i s  are 
most convenient ly  s t u d i e d  us ing  an i n e r t  atmosphere as t h e  pyrolyzing medium. This  
has  t h e  e f f e c t  of decoupl ing p y r o l y s i s  r e a c t i o n s  from o t h e r  heterogeneous g a s / s o l i d  
r e a c t i o n s  t h a t  occur  when a r e a c t i v e  atmosphere such  as H2 i s  used. 
are f o r  i so thermal  p y r o l y s i s  i n  N2 of a l i g n i t e  from t h e  Darco Seam i n  Texas. 
Temperatures vary from 700 t o  1 , O O O " C  and p a r t i c l e  s i z e  f r a c t i o n s ,  from 60 x 80 t o  
270 t o  400 mesh. 

Present  d a t a  

EXPERIMENTAL 

P y r o l y s i s  i s  performed i n  a n  e n t r a i n e d  flow, i so thermal  furnace  s i m i l a r  t o  
t h a t  descr ibed  by Nsakala and co-workers ( 3 )  which, i n  t u r n ,  i s  based on t h e  d e s i g n  
of Badzioch and Hawksley ( 4 ) .  It i s ,  i n  essence,  a v e r t i c a l  r e a c t o r  heated 
e l e c t r i c a l l y  and f o r  t h e  i n j e c t i o n  of  a d i l u t e  c o a l  s t ream i n t o  t h e  c e n t e r  of  a 
preheated gas stream. The ensuing mixing h e a t s  t h e  i n j e c t e d  s t ream a t  a r a t e  of 
about 10,OOO°C/s. 
c o a l  p a r t i c l e s  t o  t h e  furnace  tube  wal l .  A water-cooled sampling probe,  which i s  
i n s e r t e d  up the  a x i s  of t h e  furnace ,  c o l l e c t s  and r a p i d l y  quenches the  p a r t i c l e  
stream. The r e a c t o r  tube  i s  hea ted  uniformly s o  t h a t  p y r o l y s i s  is e s s e n t i a l l y  
contained i n  an i so thermal  reg ion .  Var iab le  p o s i t i o n i n g  of t h e  sampling probe 
a d j u s t s  t h e  r e a c t i o n  t i m e .  A schematic  of t h e  equipment i s  shown i n  F igure  1 and 
t h e  o p e r a t i n g  condi t ions  are given i n  Table  1. 

The i n j e c t o r  is designed t o  minimize migra t ion  and adherence of  

Weight l o s s  due t o  p y r o l y s i s  i s  determined us ing  proximate ash  as  a tracer. 
Data a r e  cor rec ted  f o r  t h e  e r r o r  a s s o c i a t e d  w i t h  t h i s  technique.  For t h e  Darco 
l i g n i t e  t h e  e r r o r  i s  less than 10% and i s  thought  t o  r e s u l t  from t h e  loss  of s u l f u r  
dur ing  p y r o l y s i s  (5) .  The proximate a n a l y s i s  of t h e  l i g n i t e  i s  given i n  Table 2 .  
P a r t i c l e  s i z e  f r a c t i o n s  are separa ted  by d r y  s i e v i n g  and charac te r ized  by t h e  
Rosin-Rammler technique ( 6 ) .  

*Present  Address: Department o f  Mechanical Engineer ing,  The Ohio S t a t e  U n i v e r s i t y ,  
Columbus, OH 43210 
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TABLE 1. OPERATING CONDITIONS 

-_ G a s  and Wall Temperature, "C 

Coal Feed Rate, g/min 

Mean G a s  Veloc i ty ,  m f s  

SecondaryIPrimary N2 

Coal Loading, w t %  

G a s  Reynolds Number 

700 800 900 

1 .0  1 . 0  1 .0  

1 . 1 2  1 . 1 2  1 . 1 2  

16.7 15.0 13.7 

2.2 2.5 2.7 

458 391 339 

- - -  1,000 

1 .0  

1.12 

12.5 

2.9 

298 

TABLE 2. PROXIMATE ANALYSIS OF THE DARCO LIGNITE 

as-received daf 
Mois ture ,  % 22.4 - - 
Ash, % 12.4 15.9 - 

Volati le Matter, % 33.3 43.0 50.2 

Fixed Carbon, % 31.9 41.1 49.8 

Equi l ibr ium Moisture  = 39.8% 

RESULTS 

A t y p i c a l  weight  loss v e r s u s  t i m e  curve  i s  shown i n  Figure 2 f o r  i so thermal  
p y r o l y s i s  a t  900OC. 
s i z e  over t h e  r a n g e  60 x 80 t o  270 x 400 mesh. 
p a r t i c l e  s i z e  i s  40 t o  200 pm. S imi la r  curves  are obta ined  a t  700, 800 and 1,OOO"C. 

Weight l o s s ,  hence p y r o l y s i s  r a t e ,  is independent of p a r t i c l e  
The corresponding range  i n  mean 

The maximum p o t e n t i a l  weight  l o s s  i n  t h e  i so thermal  furnace  i s  n o t  measurable 
by a s i n g l e  pass  because  of t h e  r e s t r i c t e d  r e s i d e n c e  t i m e .  It i s  c a l c u l a t e d  by 
t h e  method of  Badzioch and Hawksley ( 4 ) .  This  involves  e s t a b l i s h i n g  a r e l a t i o n s h i p  
between t h e  change i n  proximate v o l a t i l e  mat te r  between the  o r i g i n a l  dry-ash-free 
c o a l  and char  and weight  l o s s  due t o  p y r o l y s i s .  The der ived  r e l a t i o n s h i p  is 
linear; i t  is  e s s e n t i a l l y  p a r t i c l e  s i z e  (Figure 3) and temperature  independent 
(F igure  4 )  f o r  t h e  range of  opera t ing  condi t ions .  
of t h e  daf  c o a l ,  r e p r e s e n t i n g  a f r a c t i o n a l  i n c r e a s e  of  1 . 3  over  t h e  proximate 
v o l a t i l e  mat te r .  The weight l o s s  achieved by a s i n g l e  pass  i n  t h e  i so thermal  
furnace  a t  l,OOO°C and a t o t a l  r e s i d e n c e  time of 0 . 4 s i s  50% of t h e  daf  c o a l ,  
i n d i c a t i n g  about  80% completion of  p y r o l y s i s .  

The maximum weight l o s s  i s  66% 

A f i r s t - o r d e r  p l o t  f o r  p y r o l y s i s  a t  900°C i s  shown i n  F igure  5. A f e a t u r e  of 
t h e  curve is t h e  a p p a r e n t  d e l a y  i n  t h e  o n s e t  of  p y r o l y s i s  dur ing  heat-up of t h e  
P a r t i c l e s .  This  is i n  agreement with t h e  f i n d i n g s  of Jcntgen and Van Heek (7) .  
C o r r e l a t i n g  f i r s t - o r d e r  r a t e  c o n s t a n t s  by t h e  Arrhenius  express ion  (Figure 6) 
y i e l d s  a pseudo a c t i v a t i o n  energy of 7.7 kcal /mole and a pre-exponent ia l  f a c t o r  
of  92 s-l. 
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DISCUSSION 

Successfu l  d e s c r i p t i o n  of  t h e  k i n e t i c s  of p y r o l y s i s  up t o  80% completion by 
a s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion  i s  not  i n c o n s i s t e n t  wi th  t h e  need f o r  a 
second equat ion  t o  d e s c r i b e  t h e  completion of p y r o l y s i s  as p o s t u l a t e d  by Nsakala 
and co-workers (3) .  This  d e r i v e s  from t h e  f a c t  t h a t  t h e  second component devola- 
t i l i z a t i o n  i s  assoc ia ted  mainly wi th  H2 l i b e r a t i o n  (E), which on a weight b a s i s  
accounts  f o r  on ly  about  5% of t h e  daf  coa l .  

The r e l a t i v e l y  low pseudo a c t i v a t i o n  energy i s  c o n s i s t e n t  wi th  t h e  d a t a  
presented by Anthony and Howard (9) .  
rate of p y r o l y s i s  f o r  t h e  Darco l i g n i t e  e s s e n t i a l l y  impl ies  t h e  absence of s i g -  
n i f i c a n t  h e a t  and mass t r a n s f e r  e f f e c t s .  
a s s o c i a t e d  wi th  these  p h y s i c a l  f a c t o r s ,  a n  a l t e r n a t i v e  explana t ion  is r e q u i r e d  
here. Howard and co-workers (1,9) provide a probable  explana t ion  i n  terms of a 
d i s t r i b u t i o n  of a c t i v a t i o n  energ ies  f o r  t h e  genera t ion  o f  d i f f e r e n t  v o l a t i l e  
spec ies .  
c o r r e l a t i o n  and about 50 kcal /mole i n  a m u l t i s t e p  model. 

The absence of p a r t i c l e  s i z e  e f f e c t s  on the  

Since low a c t i v a t i o n  energ ies  are u s u a l l y  

They o b t a i n  an a c t i v a t i o n  energy of  about  1 0  k c a l / m l e  i n  a s i n g l e - s t e p  

SUMMARY 

The present  work f u r t h e r  demonstrates  t h e  s u i t a b i l i t y  of t h e  e n t r a i n e d  f low 
i so thermal  furnace  f o r  s tudying  t h e  k i n e t i c s  of l i g n i t e  p y r o l y s i s .  
hea t ing  condi t ions  t h e r e  i s  a de lay  i n  t h e  o n s e t  on s i g n i f i c a n t  p y r o l y s i s  dur ing  
p a r t i c l e  heat-up. For t h e  Darco l i g n i t e ,  p y r o l y s i s  up t o  80% completion fo l lows  a 
s i n g l e  f i r s t - o r d e r  r e a c t i o n  equat ion;  b u t  a second equat ion  may b e  necessary t o  
d e s c r i b e  t h e  completion o f  p y r o l y s i s .  
than  1 0  kcal /mole and t h e  absence of  s i g n i f i c a n t  p a r t i c l e  s i z e  e f f e c t s  are n o t  
n e c e s s a r i l y  i n c o n s i s t e n t ,  as t h e  former may not n e c e s s a r i l y  i n d i c a t e  p h y s i c a l  
rate c o n t r o l .  

Under r a p i d  

The r e l a t i v e l y  low a c t i v a t i o n  energy of  less 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 
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RATES OF LIGHT GAS PRODUCTION BY 
DEVOLATILIZATION OF COALS AND LIGNITE 

R .  F. Weimer and D. Y. Ngan 

Air Products and Chemicals, Inc.; Allentown, Pennsylvania, 18105 

INTRODUCTION 

The kinetics of coal pyrolysis a r e  important in many coal conversion processes which 
operate under conditions of r e l a t ive ly  moderate temperatures (400° t o  1000°C). Such 
processes range from i n  situ coal gas i f ica t ion  (1) t o  f lash  hydropyrolysis ( 3 ) ,  having 
anticipated coal r e s i z n t i m e s  i n  the  region of pyrolysis temperatures of between 
10-1 and l o 4  seconds - a range of f ive  orders of magnitude. 

Although many models have been postulated fo r  coal devola t i l i za t ion  (4) ,  Howard and 
his co-workers (2,4) have shown t h a t  the use of a s t a t i s t i c a l  d i s t r ibu t ion  of a c t i -  
vation energies can provide "valuable ins ight  i n to  the overall or global k ine t ics  
of the [pyrolysis] process," par t icu lar ly  with,,regard t o  explaining the e f f ec t s  of 
heating r a t e .  For a designer seeking a cor re la t ion  
of devola t i l i za t ion  y i e lds ,  [the d is t r ibu ted  activation energy model] combined with 
a description of secondary reactions i s  presently the best  recommendation." Ciuryla 
e t  a l .  (6 )  have since shown tha t  the parameters (mean ac t iva t ion  energy, standard 
deviation of the energy d is t r ibu t ion ,  and to ta l  potential  vo la t i l i za t ion )  obtained 
by f i t t i n g  to ta l  weight loss  data obtained a t  heating r a t e s  o f  40 and 160°C/min, fo r  
a Montana l i gn i t e  and a P i t t s b u r g h  Seam bituminous coa l ,  a re  close t o  the  values re- 
ported by Anthony and Howard f o r  the same coals a t  heating ra tes  of 100 to  10,OOO°C/sec. 

The d is t r ibu ted  activation energy model has not previously been applied to  data fo r  
the y ie lds  of individual molecular species from coal pyrolysis. I t  has normally been 
assumed ( w i t h  good r e su l t s  for  data obtained over a narrow range of heating r a t e s )  
t ha t  the y i e lds  of individual species can be modelled by a small s e t  of individual 
reactions representing the  major mechanisms fo r  t h e i r  production. However, i t  has 
been recognized ( 2 )  t h a t  the parameters obtained from such models a re  only "ef fec t ive"  
values which may have no fundamental significance.  I t  can be shown ( see  below) tha t  
the values typically obtained from models having a small number of individual reac- 
t ions cannot be applied over a wide range of heating r a t e s .  

They therefore s t a t e  ( 4 )  t ha t ,  

EXPERIMENTAL 

Coal Samples 

The North Dakota l i g n i t e  and I l l i n o i s  No. 6 bituminous coal samples used i n  this study 
were provided by the Pennsylvania S ta te  University. 
and Wyodak subbituminous coal samples were obtained from Commercial Testing and Engi- 
neering Company; these samples were ground under ine r t  atmosphere. Proximate and u l -  
timate analyses of the coals studied a re  given in Table 1. 
samples were used in a l l  runs. 

The Pittsburgh Seam bituminous 

Sized, 40 x 80 mesh, 

Apparatus 

The primary apparatus used i n  obtaining the r e su l t s  reportyd herein was a 6-gram- 
capacity thermobalance bu i l t  spec i f i ca l ly  fo r  Air Products 
Products, Inc. This apparatus i s  e s sen t i a l ly  identical  t o  equipment which was pre- 
viously i n  existence a t  Case-Western Reserve University (5 ) .  
of a cylindrical  basket, containing the coal sample, w h i c h  i s  suspended from a balance 
arm i n t o  an externally heated Haynes 25 superalloy tube. Although the apparatus i s  
capable of operation a t  pressures up to  1500 ps i ,  only r e su l t s  obtained a t  atmospheric 
pressure, in helium, a re  reported here. Heating r a t e s  were monitored by thermocouples 

labora tor ies  by Spectrum 

The apparatus cons is t s  
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on the tube wall ,  and a l so  ins ide  the tube near the basket, i t  having been determined 
(by placing a thermocouple in the basket i t s e l f )  t ha t  the differences between the sam- 
ple temperature and the wall temperature were small. 

Experimental Procedure 

Approximately 3 gms of dry, 40 x 80 mesh, coal were placed ins ide  the  sample basket 
and lowered in to  the  reactor a t  room temperature. 
helium, the reactor was heated. 
cated immediately below the  sample basket, the helium flow ra t e ,  and the sample 
weight were continuously recorded. 
ringes through a septum in  the heated e x i t  l ine.  
analyzed using a Perkin-Elmer Sigma-1 gas chromatograph. 

The helium flow r a t e  was maintained a t  approximately 700 cc/min. 
capacity of the tube and furnace, and t o  heat losses from the furnace, the heating 
r a t e  was not constant d u r i n g  the experiments; however, the observed r a t e s  can be 
approximated by the formula 

After purging theeys tem w i t h  
The temperature, monitored by a thermocouple lo- 

These samples were subsequently 

Due to  the heat 

Gas samples were periodically collected by sy- 

- -  dT - 10.8 -0.00642 . T 
d t  

where T = sample temperature, OC,  and t = time, minutes. 
temperature data were used in the computer analysis of the r e su l t s .  

The actual recorded time/ 

Kinetic Model 

Coal pyrolysis has frequently been assumed to  be described by a s e t  of para l le l  f i r s t -  
order reactions (1,2,4). 
r a t e  i s  

For each reaction, i ,  the corresponding devola t i l i za t ion  

1) 

where ki i s  the preexponential fac tor  and Ei i s  the ac t iva t ion  energy of rea i t ion  i ;  
V i  i s  the amount o f  vo la t i l e  product produced by reaction i u p  t o  time t ;  Vi i s  the 
amount of product which could poten t ia l ly  be produced; T i s  the absolute temperature, 
and R i s  the  gas constant. The to ta l  y ie ld  from reaction i a t  time t i s  therefore 

2)  

For the  case of constant heating r a t e ,  m = dT/dt, i t  has been shown ( 2 )  t h a t ,  since 
Ei/RT>)l f o r  coal pyrolysis reactions,  the solution of Equation 2 i s  

E i  

3)  

( T h i s  equation may be extended t o  include a holding period a t  pyrolysis temperature 
and/or the subsequent cool-down period, a s  shown i n  the Appendix.) 
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Integration of Equation 2 f o r  the case of nonconstant heating r a t e  may eas i ly  be 
done numerically; however, provided tha t  

Equation 3 with m = m ( T )  can be used. 

The d is t r ibu ted  activation energy model assumes t h a t  the ac t iva t ion  energy fo r  pro- 
ducing vo la t i l e  material ( o r  a spec i f ic  vo la t i l e  product) i s  normally d is t r ibu ted  
about a mean value, Eio. with k i  constant. The r e s u l t ,  analogous t o  Equation 3 ,  i s  

c 

where 6 i s  the standard deviation of the energy d i s t r ibu t ion .  
gration from E = 1 kcal/mol t o  E = Eio + 4 6  

The  r a t e  of devola t i l i za t ion  a t  temperature T i s  

( I n  practice,  inte- 
i s  adequate for  analyzing the d a t a . )  

E E 00 

- - 1 dVi = 

Vi* d t  2 6  

RESULTS AND DISCUSSION 

5)  

Figures 1 through 5 present the pyrolysis r a t e  da ta ,  f o r  each of the f ive  coa ls ,  f o r  
the four major noncondensable products of pyrolysis (hydrogen, carbon monoxide, carbon 
dioxide, and methane). The to ta l  weight loss  i s  a l so  shown. The i n i t i a l  appearance 
of these species occurs in the same order fo r  a l l  of the coals:  
followed by CO,  CH4, and, f i n a l l y ,  H2. However, the  maximum ra t e  of CO production 
does n o t  occur unt i l  well a f t e r  t ha t  of methane; the temperature of the maximum r a t e  
of CO production i s  nearly coincident w i t h  t ha t  of the maximum r a t e  of hydrogen pro- 
duction (about 700oC). 
peak a t  about 45OoC and a la rger  peak a t  about 7OO0C, f o r  the low-rank coa ls . )  T h e  
observed peaks fo r  C 2  and C3 hydrocarbons ( n o t  shown) occur a t  the same temperature 
as those f o r  methane. 
CO and C02 produced, which a re ,  of course, related t o  the vastly d i f fe r ing  oxygen 
contents of the feed coals.  

These r e su l t s  a r e  s imi la r  t o  data reported by Campbell (1) fo r  the slow (3.3'C/min) 
pyrolysis of 50-gram samples of 6 x 1 2  mesh Wyodak coa l ,  although his t o t a l  y i e lds  
of l i gh t  hydrocarbons were grea te r  than those reported here. 

The values found by f i t t i n g  the Gaussian d is t r ibu ted  ac t iva t ion  energy model t o  the 
data a re  l i s t ed  on Table 2.  Except fo r  the CO da ta ,  which a re  c lear ly  bimodal, the 
s ingle  Gaussian d is t r ibu t ion  provides a reasonable f i r s t  approximation of the data.  
Except f o r  the Pittsburgh Seam bituminous coal (which yielded very l i t t l e  CO and C O z ) ,  
the mean activation energies increase in the order C02, CO ( f i r s t  peak), C H 4 ,  CO 
(second peak), and H2. The surprising r e s u l t  i s  the close correspondence of the 
values obtained for  b o t h  Eo and 6 f o r  each component from coals of widely d i f fe r ing  
rank .  This sugges t s tha t  the major mechanisms fo r  the production of these materials 
a r e  the same fo r  a l l  of the coals.  

C02 appears f i r s t ,  

(The CO production r a t e  i s  ac tua l ly  bimodal, with a small 

The major differences among the coals a r e  i n  the amounts of 
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Table 3 l i s t s ,  f o r  comparative purposes, the parameters obtained by Campbell by 
f i t t i n g  his data t o  one to  three f i r s t -o rde r  reactions per compound. 
i s  zero in t h i s  model, i t  i s  necessary to  allow k i  f o r  each reaction t o  vary. 
T h e  resu l t  is a set of extremely low values f o r  both ki and E i  f o r  a l l  of the 
reactions. For example, Campbell's value of Ei for  hydrogen production i s  19.5 
kcal/g mole, compared t o  the Eo's of 73 to  75 kcal/mol i n  Table 2 ,  and a typical 
value (1) of 88 kcal/rnol fo r  C-H bond breakage. The small absolute values of k i  
and Ei i n  Campbell's model r e su l t  from f i t t i n g  a y ie ld  d i s t r ibu t ion  which i s  spread 
broadly over temperature w i t h  a small number of reactions.  

The  e f fec t  of temperature on f lash  pyrolysis y i e lds  has been studied by Suuberg 
e t  a l .  ( 2 )  f o r  a Montana l i gn i t e .  Suuberg's resu l t s  (Figures 6 and 7 ) ,  which are 
to t a l  y ie ld  data f o r  heating small (15 mg) samples a t  100CI0C/sec t o  the indicated 
peak temperature, and then cooling immediately a t  a r a t e  of 200°C/sec, show the 
same trends i n  the order of the appearance of the various species as do the slow 
pyrolysis da ta ;  in addition, Suuberg's ult imate y i e lds  of each o f  the l igh t  gases 
a r e  similar t o  those observed upon slow pyrolysis o f  l i g n i t e  and subbituminous coal 
in our experiments. 

Suuberg a l so  f i t  his r e su l t s  using a small number o f  f i r s t -o rde r  reactions t o  de- 
scribe the y ie lds  of each species;  his parameters a re  shown i n  Table 4. Reasonable 
values of Eo were obtained, but the predicted y ie ld  curves, as  shown on Figures 6 
and 7 ,  a r e  notably stepwise i n  appearance. Also plotted on Figures 6 and 7 a re  the 
curves obtained by using the l i g n i t e  pyrolysis parameters of Table 2 ,  a n d  the  dis-  
tr ibuted ac t iva t ion  energy model, to pred ic t  the f lash  pyrolysis y ie lds .  The pre- 
d ic t ions  f i t  the data almost a s  well as  Suuberg's own model, provided only tha t  Vi* 
f o r  each species i s  allowed t o  vary. This i l l u s t r a t e s  the a b i l i t y  of the d is t r ibu ted  
activation energy model to  f i t  both slow and f a s t  pyrolysis data with the same values 
f o r  the ac t iva t ion  energy p a r a m G s .  In con t r a s t ,  the slow pyrolysis p a r s e r s  
reported by Campbell would predict  almost no reaction under Suuberg ' s  conditions, 
since h is  values of k i  a r e  too small t o  permit any s ign i f i can t  reaction i n  a time 
of the order of one second. 

Finally,  the problem inherent in applying Suuberg's model and parameters t o  slow py- 
ro lys i s  r a t e  data i s  i l l u s t r a t e d  - f o r  the case of CO2 formation from l i g n i t e  - by 
Figure 8. The use of a small number of individual equations requires tha t  the products 
appear i n  a few sharply defined peaks (corresponding t o  the steep steps i n  the y ie ld  
curves) in con t r a s t  to  the broadly d i s t r ibu ted  slow pyrolysis data.  

Since Q 

CONCLUSIONS 

A f i r s t -o rde r  model w i t h  d i s t r ibu ted  ac t iva t ion  energies has the potential  f o r  ex- 
plaining the e f f e c t  of heating r a t e  on the  primary production of l i g h t  gases (HE, C O ,  
CO2, CH4) during the  devola t i l i za t ion  of coa l ;  models based on small s e t s  of f i r s t -  
order reactions w i t h  nondistributed ac t iva t ion  energies do not have t h i s  potential .  
The  activation energy d i s t r ibu t ions  f o r  the production of these species obtained from 
atmospheric-pressure pyrolysis,  under i n e r t  atmosphere, a re  remarkably insensit ive t o  
coal rank. 
would be needed t o  confirm the va l id i ty  of th i s  approach t o  understanding pyrolysis 
ki ne t ics .  

Data on identical  samples of coa l ,  over a wide range of heating ra tes ,  
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APPENDIX 

Extens ion o f  Model Beyond Heating Per iod 

The t ime-temperature h i s t o r y  o f  much o f  t h e  pub l i shed  data on coal  p y r o l y s i s  may be 
d i v i d e d  i n t o  three reg ions:  

1. Heat-up a t  a constant  r a t e ,  m i ,  t o  a peak temperature, T i .  

2. Hold ing a t  temperature, TI, f o r  a t ime,  t H .  

3 .  Cool ing a t  a constant  r a t e ,  m3 ( o f t e n  slower than the  hea t ing  r a t e ) ,  u n t i l  t h e  
r e a c t i o n s  a re  quenched. 

Under these cond i t i ons ,  t he  bas i c  f i r s t - o r d e r  r a t e  equat ion f o r  a s i n g l e  r e a c t i o n ,  

may be i n teg ra ted ,  sub jec t  t o  the  approx imat ion E/RT 1, t o  y i e l d  

where V i  i s  now the  t o t a l  y i e l d  from the  r e a c t i o n .  

For t h e  d i s t r i b u t e d  a c t i v a t i o n  energy model, t he  corresponding equat ion i s  

This  l a t t e r  equat ion may be a p p l i e d  t o  t h e  y i e l d  o f  any i n d i v i d u a l  component, p ro -  
v ided  t h a t  t h e  y i e l d  can be approximated by the assumed Gaussian d i s t r i b u t i o n s .  

I n  t h e  event t h a t  a more complex t ime-temperature h i s t o r y  i s  f o l l owed  (e.g., i f  r n l  
and m3 a r e  n o t  constants) ,  then recourse may always be had t o  numerical methods f o r  
c a l c u l a t i n g  the  f i n a l  i n t e g r a t e d  y i e l d  from t he  model. 
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ASTM Rank 

L i g n i t e  

L i g n i t e  

Subbituminous 

HVC 
Bituminous 

HVA 
Bituminous 

TABLE 1 

ANALYSIS OF COALS 

U l t i m a t e  Ana lys is  (%, D r y )  

S t a t e  - H -  N -  S S  0 
(By Di fFerence) 

ND 61.6 4.1 1.1 0.6 10.0 22.6 

TX 64.5 4.2 1.4 0.9 10.0 19.0 

WY 66.4 4.6 1.0 0.8 6.0 21.2 

I L  66.4 4.6 1.1 4.5 10.6 12.8 

PA 80.5 5.0 1.2 1.1 5.0 7.2 
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Component 

H2 

co 
(1st Peak) 

co 
(2nd Peak) 

Total 
Weight 
Loss 

Parameter+ 

Eo ,  kcal/mol 
6 ,  kcal/mol 
V* 

Eo, kc a 1 /mo 1 

vd.y kcal/mol 

Eo. kcal/mol 
Q ,  kcal/mol 
V* 

Eo,  kcal/mol 
6 , kcal /mol 
V* 

Eo,  kcal/mol 
6 ,  kcal/mol 
V*  

Eo, kcal /mol 
6, kcal/mol 
V* 

TABLE 2 

KINETIC PARAMETERS 

Coals 

North 
Dakota 
Lignite 

72.8 
8.8 
0.010 

51.9 
7.8 
0.025 

70.3 
6.5 
0.043 

48.9 
9.5 
0.134 

57.7 
6.0 
0.016 

52.7 
11 .3  

0.40 

Texas 
Lignite 

76.9 
9.8 
0.009 

52.2 
6.8 
0.018 

72.7 
5.1 
0.036 

53.0 
11.4 

0.123 

60.1 
7.0 
0.021 

52.5 
10.0 

0.40 

Wyoda k 

73.1 
8 .0  
0.009 

50.8 
6.0 
0.022 

71.2 
7.5 
0.053 

50.3 
9.6 
0.100 

58.2 
5.9 
0.021 

53.2 
9.7 
0.41 

I1 1 inoi s 
No. 6 

73.7 
8.6 
0.010 

-- 
-- 
-- 

66.7 
13.4 
0.038 

55.6 
14.2 

0.040 

58.8 
5.8 
0.022 

53.0 
9.3 
0.34 

Pittsburgh 

74.6 
8.2 
0.011 

71.1 
11.6 
0.021 

61.8 
18.1 
0.015 

58.7 
4.8 
0.030 

51.8 
5.7 
0.30 

+ko i s  fixed a t  1015 m i n - l  in a l l  cases. 
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TABLE 3 

CAMPBELL'S PARAMETERS FOR WYOOAK COAL 

v*, g/g coal 1 Component Eo, kcal/rnol kn, min- 

H2 22.3 1200 0.0102 

CO, React ion 1 18.0 3300 0.016 
React ion 2 30.1 1.5 l o 5  0.037 

C02, React ion 1 19.5 3.3 l o 4  0.055 
React ion 2 23.0 1.4 lo4  0.047 

CH4,  React ion 1 31.1 1.0 lo7  0.014 
React ion 2 31.1 1.7 x lo6 0.016 
React ion 3 35.4 1.8 x io6 0.014 

H2 

1 1  

TABLE 4 

SUUBERG'S PARAMETERS FOR NORTH DAKOTA LIGNITE 

Component 

CO, React ion 1 

React ion 2 
React ion 3 

C02, React ion 1 
React ion 2 
React ion 3 

CH4, React ion 1 
React ion 2 

Eo, kcal/mol 

88.8 

44.4 
59.5 
58.4 

36.2 
64.3 
42.0 

51.6 
69.4 

ko, min-' 

9.5 

1.1 
1 . 6  
3.5 x l o l l  

1.3 
3.5 
3.3 x 108 

9.7 
2.8 x io16 

v*, g/g coal 

0.0050 

0.0177 
0.0535 
0.0226 

0.0570 
0.0270 
0.0109 

0.0034 
0.0092 

' I  
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I 

A MODEL FOR COAL PYROLYSIS 

by 

L .  H. Chen and C. Y. Wen 
Department o f  Chemical Engineering 

West Virginia University 
Morgantown, WV 26506 

INTRODUCTION 

Pyrolysis of coal occurs i n  a l l  coal conversion processes and is  
perhaps the most d i f f i c u l t  to  model mathematically. 
on coal pyrolysis  have been proposed during t h e  pas t  several  decades. 
However, very few of  these models address t h e  simultaneous changes i n  
product d i s t r ibu t ion  and p a r t i c l e  weight l o s s  (or  conversion) over a 
wide range of  operat ing conditions. Such a mathematical model which 
could take i n t o  consideration the e f f e c t s  of  residence time, f i n a l  
temperature, heating r a t e  and pressure i s  needed f o r  design and scale-up 
of  coal pyrolysis  and gas i f ica t ion  reactors .  The purpose of t h i s  study 
i s  t o  develop such a mathematical model f o r  simulation of the  pyrolysis  
phenomena o f  a coal p a r t i c l e .  
general enough t o  be appl icable  t o  o ther  pyrolysis  system such as t h e  
pyrolysis  of wood. 

A number of  models 

The model t o  be developed should be 

MODEL DEVELOPMENT 

The assumptions used t o  formulate the  s ing le  p a r t i c l e  model a r e  as 
follows : 

(a) pseudo-steady s t a t e  concentration p r o f i l e s  
(b) 
(c) equal binary d i f f u s i v i t i e s  

This model combines t h e  chemical react ions and the  t ranspor t  processes 

negl ig ib le  increase i n  in te rna l  pressure 

occurring during pyrolysis. 

1. Chemical Reactions : 

Three chemical react ions a re  assumed t o  simultaneously occur within 
a coal p a r t i c l e  which is  undergoing pyrolysis  i n  an i n e r t  atmosphere. 
These a re  devola t i l i za t ion ,  cracking and deposition. For convenience, 
t h e  products of pyrolysis  a re  Categorized as  char ,  t a r  and gas. Char 
i s  defined as  the  u n d i s t i l l a b l e  mater ia l  which remains i n  the  form of  
a s o l i d .  Tar i s  defined as  t h e  d i s t i l l a b l e  l i q u i d  which has a molecular 
weight la rger  than 6 .  
C6, i .e.,  CO, CH4, COz, CzHg, H20, e t c .  
form o f  vapor when coal is pyrolyzed. 
t o  the c a t a l y t i c  cracking of  petroleum(l l ) .  During pyrolysis  a l l  of 
t h e  chemical react ions a r e  assumed t o  be f i r s t  order  with respect  t o  
the  concentration of reac tan ts  and r a t e  constants a r e  expressed i n  
Arrhenius form. The chemical react ions and the  r a t e  expressions f o r  
the  pyrolysis  o f  a coal p a r t i c l e  a re  formulated as follows: 

Gas is defined as  those components l i g h t e r  than 
Both t a r  and gas occur i n  the 

A s imi la r  treatment was appl ied 
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Devolat i l izat ion 

kl Coal __* X T a r  + (1-X ) Char 1 1 

Rate = k I 0  . exp(-E1/TiT) Ccoal 

Cracking 

Tar ---+ Gas k 2  

Rate = k Z 0  * exp(-E2/ET) Ctar 

Deposit ion 

Tar - Char k3 

Rate = k30 . exp(-E3/ET) Ctar 

The n e t  production r a t e s  of  t a r ,  gas and i n e r t  gas can be obtained 

R = k  C gas 2 t a r  

and R. = o  

coal and char  can be obtained a s :  

inert gas 
While the  s o l i d  concentrations, $,and t h e  n e t  production r a t e s  of 

dCi 

d t  1 
_ -  - R. 

where 

i i s  t h e  coal o r  char 

and 

Rcoal = - k C 
1 coal 

2 .  Transport Processes: 

Both mass and heat t r a n s f e r  a f fec t  the pyrolysis  of a s i n g l e  coal 
This i s  par t icu lar ly  s i g n i f i c a n t  f o r  large p a r t i c l e s .  p a r t i c l e .  
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2 - 1 .  Mas t r a n s f e r  

A. Gas phase 

The coal p a r t i c l e  can be considered as  a porous sphere which r e t a i n s  
i t s  i n t e g r i t y  as the  pyrolysis  react ion proceeds. 
equation f o r  the  gaseous species ,  i, t a r ,  gas or  i n e r t  gas, i n s i  e t h e  
p a r t i c l e  having a mass concentration, C i ,  can be formulated 

The conservation 

1 

where 
react ions.  

i s  the r a t e  of  generation of the species i due t o  t h e  chemical 

N i  i s  the mass f l u x  o f  the  species  i and can be expressed as t h e  
sum of the diffusion f l u x  i n  t h e  r a d i a l  d i rec t ion  and the  bulk flow 
through the  pores. Thus 

(4) 

- W., the  weight f rac t ion  of  the  species i i n  the  gas phase, can be 
expres4ed as:  

- w. = c. /x  c .  
1 l j  3 (5) 

B.  Gas f i lm 

?he conservation equation f o r  the  gaseous species ,  i ( t a r ,  gas o r  
i n e r t  gas) across the  gas f i l m  can be wri t ten as: 

where, 

surface and a t  the bulk gas stream outs ide,  respect ively.  

estimafed from an appropriate mass t r a n s f e r  cor re la t ion .  

C i , s  and C i  b a r e  the  concentrations of species  i a t  the  p a r t i c l e  

k i is  t h e  mass t r a n s f e r  coef f ic ien t  acress  the  gas f i lm and can be 

2-2.  Heat t r a n s f e r  

The energy balance equation f o r  the p a r t i c l e  is derived by taking 
i n t o  account convective, rad ia t ive  and conductive heat t r a n s f e r  with the  
heating devices and t h e  heat  of react ion of t h e  pyrolysis  process. 
temperature gradient which occurs ins ide  of  the  p a r t i c l e  due t o  the  
conduction is negl ig ib le  f o r  small p a r t i c l e s  and i s  neglected. 
a 1000 pm p a r t i c l e ,  t h e  maximum temperature gradient i s  2 0 %  a t  0 .5  
s e c  and l e s s  than 5'C a t  1 sec. This i s  the  case, i f  t h e  p a r t i c l e  a t  
room temperature i s  dropped i n t o  a pyrolyzer maintained at  1OOO'C.  
heat ing r a t e  of  the  p a r t i c l e  i s  1000'C/sec which i s  i n  t h e  range usual ly  
encountered i n  pyrolyzers or g a s i f i e r s ) .  

The 

(For  

The 

Accordingly, 
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+ C(-mi)Ri 
i (7) 

where, a represents  the f rac t ion  of  t h e  surface area o f  the  p a r t i c l e  
t h a t  comes in  contact with the  heating elements. 
of  the  heat ing elements and can be character ized by t h e  following equation: 

Tw, i s  the  temperature 

dTw . 
cpw * Pw . - dt - - hov (Tf Tw) 

Since t h e  heating r a t e  of  a heating device i s  spec i f ied  in the experi- 
mental work the wire temperature, Tw! can be obJained by subs t i tu t ing  a 
r e l a t i v e  overa l l  heat  t r a n s f e r  coef f ic ien t ,  hov, i n t o  Equation 8. 

DETERMINATION OF PARAMETERS 

S e n s i t i v i t y  analysis  of  each parameter of the model on the  weight 
loss  of t h e  p a r t i c l e  under d i f fe ren t  operating conditions shows t h a t  the 
value o f  k l  f o r  d i f f e r e n t  types o f  coal can be estimated by comparing 
the weight loss  h i s t o r y ,  the  value of k2 can be estimated based on product 
d i s t r i b u t i o n  of t a r  and gas under d i f fe ren t  temperatures and t h e  value of 
k3 can be estimated based on the pressure e f f e c t  on the  weight loss .  

The pyrolysis  data  of ACp@ony and f o r  bituminous coal 
and those of  Suuberg e t  al .  
the  reac t ion  r a t e  constants f o r  the  devola t i l i za t ion  s t e p  and the  
deposition s tep.  For sub-bituminous coal ,  due t o  the lack of data  on 
weight l o s s  h i s tory  and pressure e f f e c t s ,  an average value between the 
r a t e  constant of bituminous coal and t h a t  of  l i g n i t e  i s  used. The 
cracking react ion r a t e  constants f o r  each type of coal were chosen based 
on the  product d i s t r i b u t i o n  da ta  of  Solomon e t  a l .  (9). 
r a t e  constants  obtained f o r  d i f fe ren t  ranks of  coals a r e  tabulated i n  
Table 1. 

f o r  l i g n i t e  coal were used t o  determine 

'Ihe react ion 

A comparison between t h e  calculated r e s u l t s  and t h e  experimental 
data  f o r  the  weight loss  h i s tory  and t h e  e f f e c t  of pressure on bituminous 
coal  i s  shown i n  Figure 1 and 2 .  The e f f e c t  of pressure on weight loss  
f o r  l i g n i t e  has been reported to  be negl ig ib le  f o r  pressures ranging 
from 0.01 t o  100  atmosphere^(^). Figure 2 a l s o  demonstrates t h i s  trend. 
Figure 3 shows the  e f f e c t  of  the heat ing r a t e  on the weight loss  h i s tory  
f o r  l i g n i t e .  
experimental da ta  ind ica tes  tha t  the proposed model can represent the 
pyrolysis  process successful ly .  
bution of t a r  and gas a r e  shown i n  Figures 4 , 5 ,  and 6 f o r  bituminous, 
sub-bituminous and l i g n i t e  coal, respect ively.  The calculated t a r  yield 
i s  s l i g h t l y  higher than the observed y i e l d  especial ly  i n  the  1ow.tempera- 
t u r e  range. 
predetermined react ion r a t e  constants f o r  bituminous, sub-bituminous 
and l i g n i t e  coal. X , the  amount of t a r  formed i n  the devola t i l i za t ion  s t e p ,  
i s  cor re la ted  with t i e  v o l a t i l e  matter content f o r  each type of  coal and 
is shown i n  Figure 10. 
types of coals  can be seen t o  represent t h i s  value closely f o r  bituminous 
coal. This r e s u l t s  from the  aforementioned lack of  da ta  necessary for  
accurately determining the chemical react ion r a t e  constants. 
of X 1  with v o l a t i l e  matter content (dry ash f r e e  basis)  a re  l i s t e d  below: 

Good agreement between t h e  calculated l i n e s  and the  

The comparisons of t h e  product d i s t r i -  

Figures 7 t o  9 show the  appl icat ion of t h e  model with the 

The cor re la t ion  equations f o r  X1 with d i f fe ren t  

The relat ion 
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(9) 

(10) 

Bituminous 

Lignite 

X1 = 1.3  (V.M.) + 0.025 

X1 = 0.95 ( V . M . )  + 0.025 

DISCUSSION AND CONCLUSIONS 

Although the r a t e  of  heating a f f e c t s  the  weight loss h is tory  of 
l i g n i t e  coal as shown i n  Figure 3,  it appears t h a t  the ul t imate  weight 
loss  i s  not affected by the  heat ing r a t e  over the range between 650 t o  
lo4 'C/sec. However, Badzioch and H a ~ k s l e y ( ~ )  reported the  ul  imate 
weight loss  o f  the p a r t i c l e  a t  a rapid heating r a t e  (>2.5 x loE  'C/sec) 
tay  be 1 . 2  t o  1.4 times higher than t h a t  a t  slow heating r a t e  (i 1/20 

the experimental conditions employed t o  achieve t h e  rapid heating r a t e  by 
use of small p a r t i c l e s  i n  an entrained reactor .  For a slow heat ing r a t e ,  
the ultimate weight l o s s  i s  approximately the  same as the proximate 
v o l a t i l e  matter content of the  coal('). 
t o  c l a r i f y  t h e  e f f e c t  of heat ing r a t e  on the ul t imate  weight loss. 

C/sec). There i s  a concern t h a t  t h e i r  r e s u l t s  might be a t t r i b u t a b l e  t o  

Additional s tudies  a re  needed 

?he estimation of  the amount of  t a r  formed a t  low temperatures based 
on the  model is higher than those observed experimentally. This i s  shown 
i n  Figures 4 t o  6. 
react ion r a t e  constants ,  but t h i s  d id  not improve on the r e s u l t .  
the  model cannot adequately represent the pyrolysis  at low temperatures 
(< 600'C). 

A minor adjustment was attempted i n  the  cracking 
Hence, 

The weight loss  curves a t  d i f f e r e n t  temperatures f o r  bituminous, 
sub-bituminous and l i g n i t e  coals  show tha t  the  calculated weight loss  o f  
the p a r t i c l e  a t  temperatures higher than BOO'C tends t o  peak r a t h e r  than 
continuously increase as  seen i n  some of  the  experimental data .  The 
v a l i d i t y  of t h e  model above 100O'C is  s t i l l  undetermined due t o  t h e  lack 
of experimental da ta  above t h i s  temperature. 

The phenomena of  coal pyrolysis  between bituminous and l i g n i t e  coals  
a r e  apparently qui te  d i f f e r e n t .  Bituminous coal i s  more pressure dependent 
and has a lower proportion of gas i n  the pyrolysis  products than l i g n i t e .  
The e f fec t  o f  pressure on t h e  weight loss ,  according t o  the  model, is 
primarily re la ted  t o  the r a t e  of t a r  deposition. Since t h e  r a t e  of  t a r  
deposition i s  higher f o r  t h e  bituminous coal compared to  t h a t  of l i g n i t e ,  
the e f fec t  o f  pressure on the  weight l o s s  during pyrolysis is a l s o  more 
appreciable f o r  bituminous coal than l i g n i t e .  Furthermore, t h e  r a t i o  of  
the cracking r a t e  t o  the deposition r a t e  has an important e f f e c t  on the 
amount of gas and t a r  formed. Since t h i s  r a t i o  is greater  f o r  l i g n i t e  
than bituminous coal ,  l i g n i t e  produces more gas than bituminous coal 
under similar pyro ly t ic  conditions. This implies tha t  the  f rac t ion  of  
t a r  formed during t h e  devola t i l i za t ion  s t e p ,  X1, i s  smaller f o r  l i g n i t e  
than tha t  f o r  bituminous coal as indicated by Equations 9 and 10. 

The model developedais appl icable  within the  operating range of 
pyrolysis process l i s t e d  below: 

400'C < Temperature < 1000 'C 

25 Dm < P a r t i c l e  s i z e  < 1000 pm 
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1/1SO OC/sec <Heating r a t e  < lo4 OC/scc 

0.01 atm < Pressure < 100 atm 

l o r  l a r g e  p a r t i c l e s  beyond 1000 pm, temperature grad ien t  within t h e  
p a r t i c l e  may not  be rcglected requi r ing  an addi t iona l  term on h e a t  
condi t ion within t h e  p a r t i c l e  t o  be included in Equation 7. 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

BIBLIOGRAPHY 
Anthony, D. B . ,  J .  B .  Howard, H .  C .  Hottel and H. P. Meissner, 
"Rapid Devolat i l izat ion.  of Pulverized Coal ,I1 Fi f t een th  Symposium 
( In t e rna t iona l )  on Combustion, pp. 1303-1317, The Combustion 
I n s t i t u t e ,  Pittsburgh, PA (1975). 

, "Rapid Devolatil i zat ion and Hydrogasi f i  cat ion of 
Bituminous Coal," 55, 121-128 (1976). 

Anthony, D. B . ,  and J. B. Howard, "Coal Devolat i l izat ion and 
Hydrogasification," AIChE Journal ,  2, No. 4 ,  625-656 (1376). 

Badzioch, S .  and P. G .  W .  Hawksley, "Kinetics o f  Thermal Decompo- 
s i t i o n  o f  Pulverized Coal Pa r t i c l e s , "  Ind. Eng. Chem. Process 
Des. Develop., 9, No. 4,  521-530 (1970). 

Goodman, 3 .  B . ,  M. Gomez, and V. F.  Parry, "Laboratory Carboniza- 
t i on  Assay of  Low-Rank Coals a t  Low, Medium and High Temperatures," 
Report o f  Invest igat ions,  No. 5383, U.S. Bureau of  Mines (1958). 

Jones, J .  F . ,  M. R. Schmid, and R. T. Eddinger, "Fluidized Bed 
Pyrolysis  o f  Coal," Chem. Eng. Progr., 60, No. 6,  69-73 (1974). 

Pyrcioch, E .  J . ,  H.  L .  Feldkirchner, C .  L. Tsaros, J .  L .  Johnson, 
W .  G .  Bair, B .  S .  Lee, F. C .  Schora, J .  Huebler, and H .  R.  Linden, 
"Production o f  Pipeline Gas by Hydrogasification o f  Coal," IGT 
Res. Bu l l . ,  No. 39, Chicago (1972). 

Russel, W .  B . ,  D. A. Sav i l l e ,  and M. I .  Greene, "A Model f o r  
Short Residence Time Hydropyrolysis o f  Single Coal Pa r t i c l e , "  
AIChE Journal ,  25, No. 1 ,  65-80 (1979). 

Solomon, P .  R. ,  "The Evolution of  Pol lutants  During t h e  Rapid 
Devolat i l izat ion of Coal," Project  R77-952588-3 Report f o r  t h e  
per iod April 1, 1976 through September 30, 1977, N S F  Grant No. 
AER75-17247 U.S. ERDA, pp. i - i x ,  IV-1-10 (1977). 

Suuberg, E .  M . ,  W .  A. Peters ,  and J .  B .  Howard, "Product Composi- 
t i on  and Kinetics of Lignite Pyrolysis," Ind. Eng. Chem. Process 
Des. Develop., 11, No. 1, 37-46 (1978). 

Weekman, V. W . ,  Jr., "Kinetics and Dynamics o f  Cata ly t ic  Cracking 
S e l e c t i v i t y  i n  Fixed-Bed Reactors," Ind. Eng. Chem. Process Des. 
Develop., 8, No. 3, 385-391 (1969). 

I 

146 



50 
+ : 40. 
6 
v 

_I 301 

Bituminous Coal Heating Rate: 750 "CIS 

Anthony  8. Howard'1976' Pressure : 69 a t m  

- oExperimenta1 Data Final Temperature:SOO"C 

02/ o--o-O- 

/ 0 

Model Calculation : - 

3o 
F 

s 2 0 -  

10 

L. 

- Coal Bituminous (-) Lignite (----- 1 
X i  064 0 4 3  
k, 1 1 1O5exp(-21,200/RT) 51 * ld exp(-l6,200/RT) 

k, 50 j. lO9exp(-29,000/RT) 80~10'"exp(-26,500/RT) 

- k, 53*104exp( -7000 /RT)  1 1 *lo3 exp(-4,000/RT) 

a 

,f 

, , xi,o.64 , , , , , 

k,= 1 . 1 0 X 1 0 5 .  exp(-21,200/Ri) 

k,= 5.00 x109. exp(-29,000/RT) 

k,= 5.30 XlO" exp( - 7,0001RT) 
0 

0 2 4 6 8 10 

Time (sec  1 

FIG. 1. PYROLYSIS WEIGHT LOSS HISTORY OF BITUMINOUS COAL 

8 0  1 I 

0 Experimental Data 

Anthony 8. Howard (1976) Final Temperature: 1000°C - 60 70 t 

0' 

lo2 IO' 10" 1 0' 1 o2 IO' 
Pressure ( a t m  1 

FIG. 2. EFFECT OF PRESSURE ON THE WEIGHT LOSS OF 
BITUMINOUS AND LIGNITE COALS 

147 



k,o llaac l.lXl05 7.5304 S . l d  

60 

50 

h 

J l m h  88.700 78,200 67,800 
E1 CalIgQnLe 21,:oo 18,700 16.200 

Lignite Coal - Model Calculation 

Exper imenta l  Data k, =51 = lo4 exp(-16,200/RT) 

' Anthony et al  (1975) k,=80. 10"exp( 26.5001RTl 

k,=l 1 = 103exp ( 4.000/RT) 

i 

9 
l lsec 9.7x10 5.SXlO10 SxlO1° 

J/arrlo 121,300 116.100 110,900 
E2 callpol* 29,000 27,750 26.500 

ks0 l/sec S.SxIO4 2.5r104 1.1303 

J/UOlO 29,500 23.000 16.700 

'3 callg,male 7,000 5 ,  500 4,000 

mccrralntY OF E ~ :  100 U m l e  or cal/wlc 

' A  

.I 

F I G .  3 .  EFFECT OF HEATING RATE ON THE WEIGHT LOSS H I S T O R Y  OF L I G N I T E  COAL 
148 



I 

1 

0 
0 

0 
0 
0 
0 
0 
0, 

0 
0 -  
m P  - 
0 x ;  t-' 

" E ,  c 

e 
0 0  
O n  

0 
0 
n 

149  



i 

i I I I , I 

0 
0 
9 

0 
0 
N --. 

v 
0 0  

0 -  
9 2  

o b  s e  
z 

3 

m .- 

0 
0 
u) 

0 
0 
P 

150 



X 

I 

I 
v 

0 0 0 0 0 0, 5! 0 0 
a) I\ W 0 P m 

0 0 0 0 0 0 O N  u) In P p1 

0 
0 
U 
7 

0 : 
8 Y 
9 -  e 
o f  

? 

o b ,  
" f  
0 
0 
u) 

0 
0 
V 

I 

E 

151 



0.8 

0.7 

0.6 
L 

X 

0.5 
c 

E 
2 0.4 
a" 

% 0.3 
- 

s: 
0.2 

0.1 

0 

i' Experiment a I Data 

A Bituminous Coal r 
Subbituminous Coal dA 

X, =0.95 (V.M.) t0.025 

X, =I30  (V.M.)t0.025 

0 0.1 0.2 C.3 0.4 0.5 0.5 

Vola l i  le Mat ier  ( o/. baf ) 

FIG. 10. THE RELATION OF THE EDDEL PARAMETER, 
X , WITH THE V O L A T I L E  MATTER CONTENT 
F b R  BITUIIINOUS,  SUB-BITUMINOUS iLUD 
L I G N I T E  COALS 

152 



MATHEMATICAL MODEL OF BITUMINOUS COAL PYROLYSIS--TAR FORMATION AND EVOLUTION. M.W. 
Zacharias and J.B. Howard. Department of Chemical Engineering, Massachusetts 

Institute of Technology, Cambridge, Massachusetts 02139 

A mathematical model of the rapid pyrolysis of caking coal has been fitted to 
extensive data on a Pittsburgh Seam coal pyrolyzed under wide ranges of conditions in a 
laboratory batch-sample reactor. 
of mass transfer and secondary reactions and offers a means for the prediction of 
pressure effects on product yields. According to the model, a coal particle decomposes 
to form tar, lighter volatiles and char. 
from the particle or undergo secondary reactions leading to lighter volatiles and coke. 
The model is quite successful in predicting tar yields at pressures ranging from vacuum 
t o  69 atm, although the predictions at the highest pressure are lower than the 
experimental yields, particularly at low temperatures. Possible explanations for this 
discrepancy will be presented. Results from application of the model indicate that mass 
transfer limitations are negligible under vacuum conditions. As the pressure is 
increased, tar evolution becomes limited by diffusion into the bulk reactor gas. 

The model includes an improved description of the role 

The primary tar may evaporate and diffuse away 
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EXPERIMENTAL STUDY AND MODELING OF COAL PYROLYSIS AT HIGH TEMPERATURES* 

P. R. Solomon 

United Technologies Research Center ,  East Har t ford ,  CT 06108 

INTRODUCTION 

I n  a r e c e n t  s tudy,  t h e  vacuum p y r o l y s i s  behavior  of a l i g n i t e  and twelve bitumi- 
nous coa ls  was measured over  t h e  range  300 t o  1000°C ( 1 , 2 , 3 ) .  The r e s u l t s  w e r e  
s u c c e s s f u l l y  s imula ted  us ing  a model which p r e d i c t s  t h e  t i m e  and temperature  depen- 
dent  product e v o l u t i o n  from a knowledge of t h e  func t ion  group composition of t h e  c o a l  
and a genera l  s e t  o f  k i n e t i c  rates which vary  wi th  evolved product  bu t  no t  wi th  coa l  
type - 

T h i s  paper r e p o r t s  t h e  ex tens ion  of t h i s  i n v e s t i g a t i o n  t o  temperatures  up to 
1450°C and t o  a wider  number of measured and modeled pyro lys i s  products .  Experiments 
have been performed i n  an appara tus  which employs a Fourier  Transform I n f r a r e d  Spec- 
trometer (FTIR) f o r  on- l ine  a n a l y s i s  of gas  s p e c i e s .  The FTIR a l lows  t h e  d i r e c t  
accumulation of r e l e a s e  rate d a t a  f o r  major s p e c i e s  by monitor ing t h e  gas  concentra- 
t i o n  during a p y r o l y s i s  run.  R e s u l t s  have been obta ined  wi th  a P i t t s b u r g h  seam 
bituminous and a Montana l i g n i t e .  The temperature  dependent e v o l u t i o n  of correspond- 
ing products  a r e  s i m i l a r  f o r  t h e  two c o a l s  i n d i c a t i n g  t h a t  t h e  use  of  c o a l  indepen- 
d e n t  k i n e t i c  rates i s  a p p l i c a b l e  f o r  t h e  a d d i t i o n a l  products  and h igher  temperatures .  
The dominant e f f e c t  observed a t  h igher  temperatures  i s  t h e  t rend  toward increased 
y i e l d s  of hydrogen g a s  and unsa tura ted  compounds ( o l e f i n s ,  a c e t y l e n e  and probably 
soot )  a t  t h e  expense of p a r a f f i n s .  These e f f e c t s  a r e  being modeled by inc luding  
a d d i t i o n a l  p a r a l l e l  r e a c t i o n  p a t h s  f o r  t h e  decomposition of t h e  a l i p h a t i c  content  of 
t h e  coal .  

EXPERIMENTAL 

The  appara tus  i s  i l l u s t r a t e d  i n  Fig.  1. It  c o n s i s t s  of a s m a l l  chamber i n  which 
t h e  coal  i s  p y r o l i z e d  connected through a g l a s s  wool f i l t e r  t o  a l a r g e  gas  c e l l  f o r  
i n f r a r e d  a n a l y s i s .  The c o a l  i s  evenly d i s t r i b u t e d  between t h e  f o l d s  of a s t a i n l e s s  
s t e e l ,  molybdenum o r  tungsten screen  and a c u r r e n t  i s  passed through t h e  s c r e e n  t o  
h e a t  t h e  coa l .  Coal temperatures  of 1450°C and hea t ing  r a t e s  of 2000"C/sec were 
achieved us ing  t h e  tungs ten  screen .  Gas a n a l y s i s  i s  performed wi th  a Nicole t  (FTIR) 
which permits  low r e s o l u t i o n  a n a l y s i s  a t  0 .5  second i n t e r v a l s .  The low r e s o l u t i o n  
a n a l y s i s  can de termine  CO, CO2, H20, CH4,  COS, SO2, CS2, HCN, C2H2, C2H4, C3H6, 
benzene and heavy p a r a f f i n s  and o l e f i n s .  
completion of a run  can determine a l l  of t h e  above p lus  C2H6, C3H8, C4H8, NH3 and 
p o t e n t i a l l y  many o t h e r  s p e c i e s  which have n o t  y e t  been observed.  
by d i f fe rence .  Other  f e a t u r e s  of t h e  appara tus  are s i m i l a r  t o  those  descr ibed pre- 
v ious ly  ( 1 , 2 , 3 ) .  

A h igh  r e s o l u t i o n  a n a l y s i s  made a t  t h e  

H2 i s  determined 

C a l i b r a t i o n  of t h e  FTIR has  been made us ing  pure  gases  o r  prepared gas mixtures .  
Unfortunately,  most of t h e  gases  of i n t e r e s t  show a marked i n c r e a s e  i n  absorbance 
wi th  d i l u t i o n .  The explana t ion  f o r  t h i s  e f f e c t  i s  t h a t  the  absorp t ion  l i n e s  f o r  t h e s e  
g a s e s  a r e  extremely sharp and f o r  moderate concent ra t ions  a l l  t h e  i n f r a r e d  energy i s  

*Work supported by t h e  Department of Energy under Contract  ET-78-C-01-3167 
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absorbed a t  t h e  l i n e  c e n t e r  i n  a pa th  s h o r t e r  than  t h e  absorp t ion  ce l l .  
r e s o l u t i o n  is s u b s t a n t i a l l y  broader  than t h e  l i n e  width s o  t h e  l i n e s  do not  appear  
t o  be t runca ted .  Di lu t ion  of t h e  gas  broadens t h e  l i n e ,  reducing t h e  absorbance a t  
l i n e  c e n t e r  so t h a t  a longer  pa th  c o n t r i b u t e s  t o  t h e  a b s o r p t i v i t y ,  thus  i n c r e a s i n g  t h e  
average absorbance. This  e f f e c t  makes c a l i b r a t i o n  of t h e s e  gases  i n  t h e  p y r o l y s i s  gas  
mixture  d i f f i c u l t .  The s o l u t i o n  has  been t o  d i l u t e  t h e  mixture  wi th  n i t r o g e n  t o  a 
f i x e d  pressure  a t  which c a l i b r a t i o n s  have been made. 

The instrument  

F igure  2 shows t h e  s p e c t r a  obtained a t  s e v e r a l  time i n t e r v a l s  dur ing  an 80 second 
d e v o l a t i l i z a t i o n  run  a t  about 50OOC. 
mined from such scans  as ind ica ted  i n  Fig.  3 which shows t h e  methane y i e l d  and t h e  
p r e s s u r e  rise i n  t h e  system a s  a func t ion  of t i m e .  

Kine t ic  r a t e  d a t a  f o r  major s p e c i e s  can be d e t e r -  

P y r o l y s i s  d a t a  were obta ined  up t o  temperatures  of 1 4 5 0 ° C  f o r  a P i t t s b u r g h  seam 
c o a l  (PSOC 1 7 0 )  and a Montana l i g n i t e .  For  t h e  P i t t s b u r g h  seam c o a l  80 second pyroly-  
sis runs  were made with 2 0 0  mg samples a t  temperatures  from 400 t o  1 0 0 0 ° C .  For these  
condi t ions ,  t h e  temperature  r i s e  takes  on t h e  o r d e r  of two seconds. More r a p i d  hea t -  
ing ( l e s s  than one second) w a s  achieved using smal le r  (50 mg) samples. Ten second 
p y r o l y s i s  runs  were made wi th  50 mg samples f o r  bo th  c o a l s .  

RESULTS 

Using t h e  procedure shown i n  Fig.  3 t h e  methane k i n e t i c  c o n s t a n t s  were determined 
f o r  t h e  10 and 80 runs. These d a t a  a r e  p l o t t e d  i n  Fig.  4 a long  w i t h  a l i n e  f o r  t h e  
temperature  dependent k i n e t i c  r a t e  f o r  methane previous ly  determined ( 2 ) .  A s  can 
be seen t h e  l i g n i t e  and bituminous d a t a  are q u i t e  c l o s e  and a l l  d a t a  are i n  reasonable  
agreement with t h e  prev ious ly  determined l i n e .  The high temperature  p o i n t s  f o r  t h e  
80 second runs  are low because of t h e  slow hea t ing  descr ibed  above and presumably t h e  
s a m e  s o r t  of l i m i t a t i o n s  are a f f e c t i n g  t h e  10 second runs a t  t h e  very  high temperatures .  

P y r o l y s i s  d a t a  f o r  t h e  10 second runs  a r e  p l o t t e d  i n  F ig .  5. Figs  5a and b show 
t h e  product d i s t r i b u t i o n .  Included i n  t h e  l i g h t  gases  a r e  a l l  t h e  s p e c i e s  l i s t e d  
except  f o r  those  heavier  than  C3, which are included wi th  t h e  heavier  hydrocarbons 
(HC) .  An i n t e r e s t i n g  f e a t u r e  of these  d a t a  a r e  t h e  h igh  v o l a t i l e  y i e l d s  obta ined  a t  
h igh  temperatures .  V o l a t i l e  y i e l d s  of up t o  702 were observed as compared wi th  ASTM 
v o l a t i l e  y i e l d s  of 46% and 59% f o r  t h e  bituminous c o a l  and l i g n i t e  r e s p e c t i v e l y .  

Severa l  of t h e  gaseous s p e c i e s  a r e  shown i n  F igs .  5c-E. The s i m i l a r i t y  between 
l i g n i t e  and bituminous c o a l  is apparent  i n  the  temperature  dependence of t h e  e v o l u t i o n  
of each spec ies .  Figs .  c t o  f show r e s u l t s  f o r  H2,  CH4 and C2H2 and heavy o l e f i n s  and 
p a r a f f i n s .  These f i g u r e s  i l l u s t r a t e  t h e  tendency f o r  h igh  temperature  p y r o l y s i s  t o  
favor  molecular hydrogen and unsa tura ted  compounds. F i g u r e s  g and h show t h e  d i s t r i b u -  
t i o n  of oxygen conta in ing  s p e c i e s .  

PYROLYSIS MODEL 

A s u c c e s s f u l  model w a s  developed t o  s imula te  t h e  p y r o l y s i s  behavior  of t h e  t h i r -  
t een  c o a l s  prev ious ly  s t u d i e d  at low temperature  ( 1 , 2 , 3 ) .  The model assumes t h a t  
l a r g e  molecular  fragments ("monomers") a r e  re leased  from t h e  c o a l  "polymer" wi th  only  
minor a l t e r a t i o n  t o  form tar whi le  s imultaneous cracking of t h e  chemical  s t r u c t u r e  
forms t h e  l i g h t  molecules of t h e  gas .  Any chemical component of t h e  c o a l  can, 
t h e r e f o r e ,  evolve as p a r t  of t h e  tar o r  as a s p e c i e s  i n  t h e  gas .  The mathematical  
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d e s c r i p t i o n  presented  i n  d e t a i l  i n  Refs .  2 and 3 r e p r e s e n t s  t h e  c o a l  a s  a rec tangular  
area with x and Y dimensions. The Y dimension is div ided  i n t o  f r a c t i o n s  according 
t o  t h e  chemical  composi t ion of t h e  c o a l .  
p a r t i c u l a r  component (carboxyl ,  aromatic  hyirogen,  e t c )  and 1 Y:=l. The evolu t ion  
of each component i n t o  t h e  gas  (carboxyl  i n t o  C 0 2 ,  a romat ic  hydrogen i n t o  H2,  e t c )  i s  
represented  by t h e  f i r s t  o rder  diminishing of t h e  Yi dimension, Yi=Yy exp(-k i t ) .  The 
X dimension i s  d i v i d e d  i n t o  a p o t e n t i a l  tar forming f r a c t i o n  XO and a non-tar forming 
f r a c t i o n  1-XO w i t h  t h e  e v o l u t i o n  of t h e  tar being represented  by t h e  f i r s t  order  
d iminish ing  o f  t h e  X dimension X=Xo exp(-ktart). 
i n  t h e  c h a r  i s  (l-Xo+X)Yi and t h e  amounts i n  t h e  gas  and tar may be obtained by i n t e -  
g r a t i o n .  
be used f o r  a l l  t h e  c o a l s .  
f e r e n t  mix of chemical  groups ( t h e  Yo's). 
be determined from ult imate and i n f r a r e d  a n a l y s i s .  

Yo r e p r e s e n t s  t h e  i n i t i a l  f r a c t i o n  of a 

The amount of a p a r t i c u l a r  component 

It was found t h a t  a genera l  set of k i n e t i c  c o n s t a n t s  (ki ' s  and ktar)  could 
The d i f f e r e n c e s  among c o a l  r e s u l t s  s o l e l y  from t h e  d i f -  

As  descr ibed  i n  Ref. 3 many of t h e  Y D ' s  may 
i 1 

Modif ica t ions  of t h e  model were made t o  i n c l u d e  t h e  high temperature  product ion 
of unsa tura ted  compounds. An a n  example, t h e  product ion  of ace ty lene  and H2 i s  
assumed t o  be a t h i r d  independent pa th  f o r  the  e v o l u t i o n  of an a l i p h a t i c  component. 
The component is r e p r e s e n t e d  as a volume and t h e  evolu t ion  of a c e t y l e n e  and H2 i s  
represented  by t h e  d iminish ing  of t h e  X dimension, Z=ZO exp(-kact) where Z O = l .  The 
amount of t h e  component i n  t h e  char  i s  then (l-Xo+X)YiZ. 
obtained by i n t e g r a t i o n .  F u r t h e r  competi t ive processes  such a s  t h e  product ion of 
o l e f i n s  p l u s  H2 from p a r a f f i n s  and t h e  product ion  of s o o t  and H2 from a l i p h a t i c s  
were incorporated i n  a l i k e  manner. 

The evolved amounts may be 

The r e s u l t s  are t h e  l i n e s  shown i n  F ig .  5 .  The k i n e t i c  c o n s t a n t s  a r e  t h e  same 
as those used i n  Ref .  2 w i t h  t h e  except ion of :  
k a l  = 750 exp(-8000/T) and t h e  a d d i t i o n  o f :  
k o l  = 2.0 x 107exp(-20000/T), ksOot = 9.5 x 1010 exp(-35000/T). 
reasonable  agreement wi th  experiment f o r  most spec ies .  
The decrease  i n  H20 a t  h igh  tempera tures  has  not  been modeled. 
a steam c h a r  r e a c t i o n  t o  form CO and H2. 
t h e  agreement f o r  CO and H2 a s  w e l l .  

kHZ0 = 45 exp(-4950/T), 
kac = 1 . 9  x 101o exp(-35000/T), 

The model i s  i n  
Exceptions a r e  H20 and H2. 

I n c l u s i o n  of t h i s  r e a c t i o n  would improve 
The e f f e c t  could be 

CON CLU S IONS 

1. Using a hea ted  g r i d  appara tus  wi th  on-l ine gas  a n a l y s i s  by FTIR, d a t a  has  
been obtained f o r  a l a r g e  number of p y r o l y s i s  products  from a l i g n i t e  and a bituminous 
c o a l  a t  tempera tures  up t o  145OOC. 

and bituminous c o a l  vary  i n  magnitude b u t  are o therwise  q u i t e  similar. 

model which u s e s  t h e  same k i n e t i c  r a t e s  f o r  a l l  c o a l s .  Modi f ica t ions  of t h e  model 
w e r e  made t o  i n c l u d e  t h e  h igh  temperature  e v o l u t i o n  of H2 and unsa tura ted  compounds 
( o l e f i n s ,  a c e t y l e n e ,  and s o o t )  from t h e  a l i p h a t i c  material i n  t h e  coa l .  

t i o n  of t h e  coa l .  
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